Mono-phase bio-ceramics (alumina and zirconia) are widely used as femoral heads in total hip replacements (THR) as an alternative to metal devices. Unfortunately, the orthopaedic community reports significant in-vivo failures. Material scientists are already familiar with composites like alumina-zirconia. Since both are biocompatible, this could prove to be a new approach to implants. This paper deals with a new generation of alumina-zirconia nano-composites having a high resistance to crack propagation, and as a consequence may offer the option to improve lifetime and reliability of ceramic joint prostheses. The reliability of the above mentioned three bio-ceramics (alumina, zirconia and zirconia toughened alumina) for THR components is analysed based on the study of their slow crack-growth behaviour. The influence of the processing conditions on the microstructure development, of the zirconia toughened alumina composites and the effect of these microstructures, on its mechanical properties, are discussed. r
Introduction
In modern surgery, total hip replacement using prostheses constitutes a state-of-the-art operation. Nowadays, these implants have an average lifetime of about 10 years. However, considering an ageing population and the growing demand on performing orthopaedic surgery on younger patients, implants should be designed for long-term applications and thus, should exhibit a lifetime of more than 30 years. All implants have also to be very reliable and fracture in-vivo is not acceptable.
Ceramic materials are now becoming an alternative to the common metal femoral heads articulating against an acetabular cup of polyethylene, or to metal-metal bearing devices. These materials appear to be ideally suited for joint prosthesis, because of their hardness, which means in turn low wear rates and an excellent biocompatibility. The use of bio-ceramic materials, in comparison to metal alloy structural implants, provides less wear rate of the implant polyethylene components and produces negligible amounts of metal ion release. In fact, abrasion in the artificial joint can lead to loosening of the implant due to the osteolysis caused by polyethylene wear particles [1] [2] [3] . Abrasion can be reduced significantly if ceramic femoral heads are used with acetabular cups made of polyethylene. Abrasion is even least when using ceramic femoral heads together with ceramic cup inserts [4] . However, ceramic materials are known to be brittle and susceptible to slow crack growth (SCG) [5] .
Currently, alumina ceramics, Al 2 O 3 , are widely used for bearing surfaces THR [6] . Their widespread use is based on a combination of good strength, modest fracture toughness, high wear resistance, good biocompatibility and excellent corrosion resistance. Unfortunately, significant in-vivo failure is reported by the orthopaedic community due to the slow crack growth that leads to failure of the alumina ceramic component with time in service [7] . In the pioneer times the fracture rate was quite high, mainly for alumina-alumina pairs. A recent compilation of cases studies show that the in vivo fracture ratio (number of fractures/number of implanted heads) of current-day alumina heads-polyethylene combinations can stand below 0.01% for the past ten years [7] . Nevertheless there is need to improve reliability.
Phase-stabilized zirconia has become a popular alternative to alumina as structural ceramic [8] because of substantially higher fracture toughness and strength. Pure zirconia cannot be used for fabricated ceramic forms without stabilisers additions [9] . The role of these phase-stabilisers is to retain the high-temperature phase, tetragonal, at room temperature, which gives zirconia its desirable properties as an engineering ceramic. The addition of yttria is used in zirconia orthopaedic implants. Phase-stabilized zirconia has the largest value of fracture toughness of any monolithic ceramic. Static and fatigue strengths for zirconia femoral heads have been found to satisfy clinical requirements [10] . Another reason for the THR application of zirconia, has been the decreased frictional torque and the reduced level of polyethylene debris production in a zirconia femoral headFpolyethylene acetabular cup couple [11] . The wear performance, in this system, has been shown to be superior even to alumina [12, 13] . However, again case studies show that delayed failure can occur in-vivo [14] . Another issue concerning zirconia is its hydrothermal stability. At the present time, it is known that yttria stabilised zirconia ceramics can be destabilised during the process of steam sterilisation, giving surface roughening of zirconia ceramic femoral heads, due to hydrothermal transformation [8] . These femoral heads may also undergo slow degradation during long term implantation in the human body. This low temperature degradation only is significant after several years [15, 16] , but can question the use of zirconia-on-zirconia bearings systems.
A composite material is the way to improve reliability and lifetime of orthopaedic implants by providing higher fracture toughness and mechanical strength. Material scientists are already familiar with composites like alumina-zirconia. Since both materials are biocompatible, this could prove to be a new approach to implants [17] .
Two kinds of composites can be prepared in this system: a phase-stabilized zirconia matrix reinforced with alumina particles, alumina toughened zirconia (ATZ) or an alumina matrix reinforced with zirconia particles, zirconia toughened alumina (ZTA). With both materials higher toughness values than with the monophase ceramics can be reached but higher values are expected for ZTA composites [18] . Additionally, in the case of a zirconia matrix, the problem related with hydrothermal stability will still remain due to the need of yttria to stabilise zirconia [19] . On the other hand, with an alumina matrix this addition can be avoided since the alumina matrix acts constraining the zirconia particles, retaining the tetragonal zirconia in a metastable state, toughening the ceramic host material [19, 20] . Moreover, the hardness of composites with an alumina matrix will be greater, because alumina is harder than zirconia [7] . This should lead a priori to higher wear resistance.
In this paper, the reliability of the above mentioned three bio-ceramics for THR components is analyzed based on the studied slow crack-growth behaviour. The influence of the processing conditions on the microstructure development of the ZTA composites and the effect of these microstructures on its mechanical properties, are discussed. Ceramics are brittle by nature because they are sensitive to stress concentrations around pre-existing small defects, such as pores, scratches or cracks. Under an applied tensile stress, s; the stresses at the tip of a crack can be described by the stress intensity factor K I ; given by
where a is the crack (or any pre-existing defect) length, and Y a geometry factor related to the crack. It is generally assumed that fast fracture occurs with brittle materials if the stresses at the crack tip, represented by the above mentioned stress intensity factor K I ; become larger than the fracture toughness K IC : K IC is related to the resistance to fast fracture. Therefore, the fracture strength, s R ; of a given ceramic specimen will be given by
An approach to the problem of brittle failure is to increase the toughness, generally by the development of composite materials. For a given material, an additional approach to obtain improved strength and reliability is to refine ceramic processing to produce homogeneous components with a defect size (a) as small as possible. Refining powder processing to eliminate microstructural flaws from brittle bio-ceramics is possible to produce materials at the top end of their strength spectrum.
Subcritical crack growth (SCG)
K IC has provided the basis of the first theories of fracture. However, it is now well recognised that failure of ceramics can occur even when stressed under K IC (or s R ). Indeed, K IC (and s R ) only represent a critical level for fast crack growth. Ceramic materials are susceptible to slow crack propagation at K I values under K IC [5] . This phenomenon is often referred as 'subcritical crack growth' with respect to a crack propagation for stress intensity factors under the toughness. This subcritical crack growth is notable for its extreme sensitivity to applied load and it tends also to depend on concentration of environmental species, temperature, and other extraneous variables. That means that under appropriate conditions, cracks keep on growing for some time until they cause fracture without warning. Since it is not possible completely to avoid imperfections and microcracks during the production of sintered bio-ceramic materials, under these ''appropriate'' conditions, cracks will grow in a slow manner before the catastrophic failure.
As a general trend, slow crack growth is described on the basis of a V (crack velocity) versus K I (stress intensity factor) diagram. Slow crack growth in bioceramics is attributed to stress assisted corrosion at the crack tip, or any pre-existing defect in the ceramic. This is indeed the combined effect of high stresses at the crack tip and the presence of water or body fluid molecules (reducing surface energy at the crack tip) that induce crack propagation in a subcritical manner [21] . Recently, the presence of a threshold in the stress intensity factor, under which no crack propagation occurs, has been the subject of important research in the ceramic field [22] . The threshold corresponds to a crack equilibrium with a null crack velocity, thus propagation does not occur. For ceramic joint prostheses, this threshold determines a safety range of use. The higher the threshold, the higher the reliability and consequently the lifetime. Here we will try to show that this threshold represents a more intrinsic property for a given material than the widely used toughness, which refers only to fast crack growth.
At this point it is useful to summarize the main features of the V versus K I diagram, to set the stage for the theoretical descriptions in next sections. We do this schematically in Fig. 1 . There are a number of features and different stages but as a general trend, a unique relationship can be established, for a given environment, between the crack velocity (V) and the applied stress intensity factor (K I ), with three different stages attributed to three distinct mechanisms [21] . For each stage, a power law can fit the speed at which a crack propagates when stressed.
where A and n are constants dependent on the material properties and environmental variables. K I0 defines a temperature-insensitive equilibrium state below which no crack growth occurs (region 0 in Fig. 1 ). This has been observed particularly in glasses and there is evidence of its occurrence in oxides [21] . It is clearly advantageous to establish the existence of such threshold in order to define a perfectly safe region of operation. This, however, is not easy because the crack velocities involved are particularly low and there is a lack of experimental data in the scientific literature. Region I depends strongly on external variables, applied stress, temperature and chemical concentration. In this region, the environmental species react with the ceramic bonds in the crack front-tip, leading to a crack propagation, process schematically represented in Fig. 1a . This region is reaction-rate controlled. Region II is insensitive to applied stress, suggestive of a transport process in which the active environmental species are increasingly unable to keep pace with the crack front-tip as K I increases. Then this region depends on the diffusion of the corrosive species from the environment to the crack tip. See Fig. 1b . This intermediate branch thereby connects region I-III, which identifies with the velocity response in a vacuum. The increasing stress magnifies the crack velocity giving no time to the active environmental species to reach the crack front-tip. See Fig. 1c . Region III is associated with fast fracture and then with K IC : With the aim of clarifying the processes involved in stages I and II an idealised representation of a proposed reaction between a humid environment and a strained Zr-O-Zr bond at the crack tip is shown in Fig. 2 . Reaction steps involve: (1) adsorption of water to Zr-O bond, (2) reaction involving simultaneous proton and electron transfer, and (3) formation of surface hydroxyls.
In a water or simulated body fluid environment, only one stage is observed and the slope of the curve is similar to that of the first stage in air (region I), highlighting the environmental-corrosion influence in this domain [21] . On the other hand, in silicon oil or under vacuum environment, where no water molecules are present, the whole V-K I curve presents a much higher slope, similar to that of the region III, and the slow crack growth takes place only for stress intensity factors near the K IC : This suggests that, in this stage, the stress is the dominant factor instead of corrosion. Fig. 3 shows a schematic description of the relation between crack velocity V; stress intensity K I ; and environment.
Therefore, crack propagation can be described using the relation (3) . If the crack propagation parameters (A and n) are known for each stage, it is possible to estimate the durability of a component. In any case, biocomponents should be designed to work in region 0 (under K I0 ), since in zones I-III delayed fracture will occur sooner or later.
Experimental procedure

Materials
Slow crack growth experiments were made on biomedical grade alumina (grain size: 1.7 mm, and E99% theoretical density), zirconia (3 mol%. yttria stabilized: 3Y-TZP, with a grain size of 0.5 mm and E99.9% theoretical density), and alumina-zirconia composites. Alumina and zirconia have already been studied, details of the experimental procedure and material features can be found elsewhere [21, 23] .
ZTA composites containing unstabilized zirconia were processed. A series of formulations were prepared in the range 0-15 vol% ZrO 2 and they were processed, either by conventional powder mixing-milling processing technique or a colloidal processing route.
In connection with the conventional mixing-milling technique a stable suspension, pHE4; in distilled water of a high-purity (>99.9 wt%) alumina powder 1 (with an average particle size of 0.45 mm and a surface area of 10 m 2 g À1 ) was homogeneously mixed with a (>99.9 wt% purity) monoclinic zirconia powder 2 (with a mean particle diameter of 0.47 mm and a specific surface area of 15.5 m 2 g
À1
). The batches were wet ground in a laboratory scale annular gap mill [24] with high-purity 3 mm alumina balls. Subsequently, they were spray-dried, and a quantitative X-ray diffraction (D5000-Kristalloflex 710, Siemens, Karlsruhe, Germany) was performed to ensure that there was no preferential loss of material during the spray-drying process. The final batches average particle size, measured by laser diffraction (Coulter LS 130), was between 0.33-0.4 mm.
In this investigation, a major research effort was concentrated in a new colloidal processing route of alumina-zirconia composites [25] . This processing route consists in doping a stable suspension of the above mentioned alumina powder in absolute ethanol (99.97%) by dropwise addition of a diluted (2/3 vol% Zr alkoxide, 1/3 vol% ethanol absolute) zirconium alkoxide. 3 After drying under magnetic stirring at 701C, the powders were thermally treated at 8501C for 2 h in order to remove organic residuals and were subsequently attrition milled, as a suspension in alcohol, with 3 mm alumina balls for 1 h. The powders were dried and sieved to less than 45 mm.
Batches were cold isostatically pressed to an initial shape at 200 MPa. The optimum sintering conditions were studied by means of dilatometric analysis (AdamelLhomargy DI-24). Final composites were sintered in air at 15501C for 2 h, leading to 98% theoretical density. The bulk density of the obtained materials was measured by Archimedes method. The sintered samples were cut (2 by 20 by 40 mm 3 ) and polished with a series of diamond pastes down to 1 mm. The average alumina and zirconia grain sizes were measured using SEM micrographs (Philips XL20) of polished and thermally etched surfaces using a linear intercept method (ASTM 4 E112 standard test method) and using an image analyzer program (Scion Image, Scion corporation, Marylan, USA) where the diameter d; was calculated from the projected particle area A; using the well-known stereological expression
Methods
Crack velocities from 10 À12 m s À1 (threshold) to 10 À2 m s À1 (fast fracture) were measured by the double torsion technique. Details on the double torsion technique and the modus operandi during tests can be found in Ref. [26] . The double torsion specimens and the loading configuration are shown in Fig. 4 . No guiding groove was machined in the specimens in order to avoid any residual stress intensity factor [27] . The tensile surface was polished down to 1 mm in order to observe the crack with a precision of 72 mm. A notch of dimension a 0 ¼ 10 mm and root r ¼ 0:1 mm was machined with a diamond saw and an indentation was performed at low load (5 kg) in order to initiate a small crack. Subsequent precracking was performed by loading the specimens at low rate in order to induce a 'real' sharp crack of initial length a i ¼ 12 mm. The double torsion configuration is known for giving a stress intensity independent of crack length, given by
where P is the load, W m the span, W and U the width and the thickness of the specimen, n the Poisson ratio (taken here as equal to 0.3), and c a calibration factor. However, it has been recently demonstrated that K I was slightly dependent on the crack length [27] , then to obtain accurate V-K I diagrams a correction factor should be introduced in the conventional expression of K I : This correction is expressed with the following empirical equation:
where a 0 is the notch length and a is the total crack length. Subcritical-crack-growth laws were determined via two methods: relaxation tests and constant-loading tests. The load-relaxation method, which was first reported by Williams and Evans [26] , was used to obtain the slow crack growth V-K I diagrams in the velocity range 10 À2 -10 À7 m s À1 . This method does not allow measurements at very low velocity but it does present the advantage of being fast to obtain measurements at high velocities. Pre-cracked specimens were loaded at a constant rate of 0.2 mm/min, followed by subsequent stopping of the cross-head at constant displacement, when crack started to propagate. The obtained load-relaxation versus time (P versus t) plot allows the determination of the V-K I curve by a compliance calibration [26, 27] .
Measurement of the crack velocities V under constant load presents the advantage of allowing the measurement of very low velocities, down to 10 À12 m/s. Thus, the specimens were subjected to different static loads under a prescribed duration Dt: The crack length was measured via optical microscopy, with a precision of 72 mm, and V is defined as the ratio of crack increment Da to the duration Dt:
The results presented in the following sections were obtained on a minimum of two specimens for each materials. The variability from one specimen to another was low, as a consequence of a good processing reproducibility and of the refinements proposed by the authors on the double torsion method [27] . Hardness measurements were conducted with Vickers indentations at a load of 10 N, on 10 different specimens for each material, with an automated testing machine (Teswell, WolpertFGermany). An indentation load rate of 0.5 N/s and a dwell time of 20 s were chosen. The hardness was automatically calculated from the ratio of the indentation load to the plastic deformation area. 
Results and discussion
Different proportions of alumina and zirconia were tested but only the results of the 10 vol% zirconia composition are discussed. The crack velocity diagram corresponding to the three bioceramics is shown Fig. 5 . The results for the three polycrystalline ceramics show the typical three stages of SCG and a threshold below which no crack propagation occurs (cf. Section 2.2). The threshold (K I0 ), was determined from the points on the V-K I diagram, below which there is an abrupt drop of the crack velocity, Vo10 À12 m s À1 (see Fig. 5 ). On the other hand, the toughness (K IC ) was determined by extrapolation of the V-K I curve to high crack velocities, 10 À2 m s À1 (see Fig. 5 ). Their values are represented in Table 1 for the three bioceramics.
Contrasting results are underlined here for alumina and zirconia ceramics. Zirconia exhibits a higher toughness than alumina but their thresholds are close, meaning that the necessary crack tip stress to initiate crack growth is roughly the same in both materials. Conversely, the alumina-zirconia nanocomposite not only has a slightly higher toughness than zirconia, but also a much higher threshold, a consequence of a higher slope of its V-K I diagram.
The high toughness of zirconia ceramics is attributed to the stress induced phase transformation of metastable tetragonal grains towards the monoclinic symmetry ahead of a propagating crack, leading to an increase of the work of fracture [28] . This phenomenon of transformation toughening relies on the volume expansion, 3-5%, and shear strain E7% developed when tetragonal zirconia transforms to the monoclinic form [29] . The stabilisation of tetragonal phase is thought to arise from a combination of surface energy effects, constraints of the rigid matrix and stabilising oxide additions, e.g. yttria [28] . Transformation can occur locally once the constraints are removed, in this case when the crack propagates.
Alumina has lower susceptibility to water and thus to stress assisted corrosion. As a consequence, the V-K I curve of alumina presents a higher slope than the curve corresponding to zirconia. Even if alumina is intrinsically more brittle than zirconia (lower toughness), it exhibits a threshold of the same order. From an atomistic point of view, this means that the fracture energy of zirconia is lower in the presence of water or body fluid, because the zirconia bonds are prone to chemisorption of the polar water molecules (like silica glass for example). The addition of a small amount of zirconia (here 10 vol%) to alumina has two main advantages. First, zirconia toughened alumina composites present crack propagation mainly through the alumina matrix. Thus, these composites possess a lower susceptibility to stress assisted corrosion by water or body fluid. Second, these materials are reinforced by the presence of highly transformable zirconia particles, shifting the V-K I diagram of alumina towards higher K I values. The authors have theoretically shown [30] in a previous work that the presence of small amounts of zirconia particles in a given matrix should lead to a shift of the V-K I diagram towards higher K I values, preserving the slope of the curve. The obtained results support definitively this theoretical prediction. This is of course only true if strong chemical bonding occurs between alumina and zirconia particles and if no microcracks are present after processing, which is the case of 10 vol% zirconia composites [20] . It has been shown that this zirconia content corresponds to a maximum toughening [20] . Above this critical content, microcracking occurs during cooling, associated with a decrease of the interface properties.
ATZ were not tested here. However, a low SCG resistance is expected, since propagation occurs in a zirconia matrix and the effect of transformation toughening will be negligible if ZrO 2 is not stabilised with yttria to avoid the related hydrothermal stability problem.
At this point, it is important to stand out the primary objective of refining powder processing using the colloidal processing technique. Fig. 6a-d show the final microstructure of the alumina 10 vol% zirconia composite obtained either by conventional powder mixingmilling processing techniques or a colloidal processing route, and Fig. 7 shows the zirconia particle size distribution obtained for both materials, assuming a normal distribution of zirconia particle sizes. Consequently, the aim is to obtain nano-sized ZrO 2 particles homogeneously distributed, avoiding agglomerates, at the alumina grain boundaries and therefore minimize microstructural flaws. Likewise, due to the small size of the zirconia grains and its narrow grain size distribution (see Fig. 7 ), it is possible to retain a larger amount of tetragonal zirconia grains in the alumina matrix and this contributes to the transformation toughening mechanism operating in these composites. It may be noted, as above mentioned that the colloidal processing route leads to more narrow zirconia grain size distribution compared with the conventional powder mixing technique (see Fig. 7 ). Thus, it is possible to obtain nano-sized particles in the range from the critical size for spontaneous transformation after sintering, D c ; (above which there is no reinforcement) to the critical size for transformation during crack growth, D 0 c ; (below which there is no crack induced transformation, thus no reinforcement) [20, [31] [32] [33] . Fig. 8 shows how this micostructural refining leads to a displacement of the V-K I diagram to higher K I values. Additionally, this colloidal processing route avoids the use of any stabilizing oxide, moving away the possibility of a hydrothermal low temperature degradation, observed in the case of zirconia bioceramics [8] .
Conclusions
The following concluding remarks can be drawn:
1. For orthopaedic applications alumina-zirconia composites have a higher reliability than the monolithics (higher K I0 and K IC ) due to the combination of the advantages of both, alumina and zirconia. For the same pre-existing defects, these composites can work at loads two times higher than monolithic alumina without delayed failure. 2. Hardness and stability are of prime interest in the orthopaedic field. Alumina-zirconia nanocomposites with relatively low zirconia contents (10 vol%) present similar hardness values than alumina (see Table 1 ) and are not susceptible to the hydrothermal instability observed in the case of stabilised zirconia bioceramics (low temperature degradation). 3. Tailoring the microstructure by refining powder processing using a new colloidal processing synthesis route is possible to produce alumina-zirconia nanocomposites at the top end of they strength spectrum. 4. The microstructure of the alumina-zirconia composites obtained by the colloidal processing synthesis technique is very fine with submicrometer alumina grains and, mainly intergranular, nano-sized zirconia particles with a narrow grain size distribution. This leads to a high portion of tetragonal phase retained at room temperature (after sintering) with the ability to transform under applied stress. This indicates that the dominant toughening mechanism in these composites is transformation toughening. 5. Even though, other compositions, forming techniques and sintering conditions (e.g. hot isostatic pressing) should be further investigated in order to optimise mechanical properties. This nanomaterials may offer the option to improve the lifetime and reliability of ceramic femoral heads, so contributing to improve the quality of life of a large number of patients. Further surgical operations and consequently the suffering of people as well as the high cost of such operations will be avoided.
6. From a general point of view, the idea of a welldefined stress limit, toughness (K IC ), particularly attractive in engineering design must incorporate the concept of a threshold (K I0 ) under which crack propagation does not takes place. This threshold represents an intrinsic property for a given material that gives an information of its mechanical behaviour more realistic than the widely used toughness, which means only fast crack growth. Fig. 8 . Here, it can be seen how a refining of the microstructure, by using the described colloidal processing synthesis route, leads to a displacement of the V-K I diagram to higher K I values.
